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A TESIGN STUDY OF LEADING-EDGE INLETS
FOR UNSWEPT WINGS

By Robert E. Dannenberg
SUMMARY

A practical method, employing a lofting technigque, 1s pressnted for
determining the profile coordinates of an ailr inlet for the leading edge
of an girfolil from formulas which are dependent only om the airfoil coor-—
dinates and on the height of the opening., The usefulness of this method
is demonstrated by an analysis of the results of a wind—tunnel Investiga—
tion of leadingedge Inlets in an alrfoil having the NACA 63;-012 ssctlon,
The analysis indicates that satisfactory characteristics were cbtained
for this airfoil with inlets designed from the formulas, The analysis
includes a study of the effects of variations of inlet geomefry on the
experimentally determined aerodynamic characteristices of the ducted air—

foll,

It was found during the course of the Investligation that the base—
proflle concept of thin-alirfoil theory could be applled to a ducted alr—
foil with satisfactory results. With a given Inlet and 1ts experimental
velocity dlstribution as a reference, the change In the velocity dis—
tribution caueed by a chenge in inlet profills was calculated and the
results agreed well wlth experiment. A numerical example is included In

the appendix,

INTRODUCTION

Previous studles of wilng leading-edge Inlets have besen conflned, iIn
general, to thick wings and to applications whesre relatively smgll amounts
of alr were to be supplied to imstallations such as radiators or carbu—
retors. References 1 through 3 have shown by resulte of experimsent that
the problsm with a leading-edge inlet in a thick wing (18—percent) is
mainly that of obtalning high pressures at the entrance to the cooler or
to the carburetor, The effect of the Inlet on the maximm 1lift was small,
With a 15-percent—thick wing (reference ), the influence of the Inlet
design on the meximum 1ift was greater. Additiomal data are available for

“CEOTRIC®
LUINCLASSIFIED



2 - : : NACA RM AQKDZb

leading-edge Inlets in relatively thick wings (15— to 18-percent) for
radiastor applications where alr flowlng through the wing is exhausted
from the surface of the wing (references 5 through 9) or at the trailing
edge of the wing (references 10 through 12).

Theoretical treatments of the problem of wing leading-edge Inlets In
references 13 and 14 have been concerned with two—dimsnsional airfolls with
inlets at the leading edges and outlsts at the trailing edges. In refer—
ence 13, the velocity dlstribution over the inlet sectlon 1s calculated
by a method of conformal mapping which 1s Intricate and laborious. Ref-—
erence 1k 1s concermed with the exact form of symmetrical Inlets for
uniform velocity distribution. The resulting inlet lips are Impractically
thin. Another type of theoretlcal development, glven in references 15
and 16, deals with a symmetrical shape with outer surfaces which extend
to Infinity. The shapes of Inlets derived by the methods proposed in the
latter two references are not readily adsptable to conventional airfoll
sections.,

With the use of Jet engines In conJunction with leading-edge Iinlsts
in thin wings (10— to lk—percent), it is desirable to increase the ratio
of the Inlet height to the section thickness over that used in the pre—
viously mentloned references. The design of such Inlets can have critical
effects on the aserocdynamic charscteristice of the wings., In addition, the
design of the Inlet affects the performance of the engine through, mainly,
ita effect on the magnitude of the ram—pressure recovery., Little infor—
mation other than results of tests of inlete for specific airplanes of the
armed services has been available on the design of J.ead.ing—edgs Inlets for
Jet englnes,

The Investigation discussed In this report was undertaken to provide
a practical means of designing inlets to fit into the leading edges of
straight or slightly tapered wings and to evaluate the effects of varia—
tions of the Inlet geometry and of the velocity of the entering flow. '
This report presents the development of formulas for specifying the pro—
file coordinates for leading-edge inlets, the experimental results for
such inlets In an airfoll having the NACA 63,-012 section, and an appli—
cation of thin-eirfoil theory to the calculation of the aerodynamic effects
of changss to the profile of the inlets. The majority of the inlst shapes
tosted wore designed fram the formulas, The inlet profiles considered
differed widely In entrance height, In upper—lip radius, in stagger of the
lips, and in external chordwise profile, The shape of the iInternal duct
wag conaldered to be beyond the scope of ths mvestigaticm because of 1its
dependence on the type of installation,

SYMBOLS AND COEFFICIENTS

The symbols which indilcate geometric properties of the plain and
ducted airfoil sectlons are shown in figure 1. All geometric symbols
are In percent of the chord.
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A

o]

distance from origin of upper—lip lsading-edge radius to chord
line .

distance from origlin of lower—lip leading-edge radius to chord
line

airfoll chord length

external drag coefficient (excluding inlet Intermal drag), based
on alrfoll area

external lncrement of drag coeffliclent caused by inlet, based on
alrfoil area

1lift coefficlent based on airfoil area

pltching-moment coefficient about quarter-—chord line hased on
alrfoll area and alrfoll chord

inlet entrance height
distance perpendicular to chord line

total pressure, pounds per square foot

ram~recovery ratio

critical Mach nurber

static pressure, pounds per square foot

Py =Py
pregsure coefficient —T-—
o]

dynamic pressure, pounds per square foot
Inlet 1lip radius
alrfoll lseding-edge radius

distance parallsl to chord line from leading edge of upper 1lip to
loading edge of lower lip of staggered Inlet.

maximm thickness of airfoil sectiom

local velocity over symmetrical airfoll at zero amngle of attack
(See reference 17.)
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increment of local velocity caused by addition of camber (See
reference 17.)

Increment of local veloclty caused by additional load distribution
assoclated with angle of attack (See reference 17.)

local veloeclty over ducted airfoll at zero angle of attack

Increment of local veloclty caused by change In Inlet—veloclty
ratio

increment of local velocity caused by change In external coordinates
of inlet

velocity, feet per sscond

inlet—velocity ratio

distance along chord from leading edge

distance along chord from leadlng edge for inlet with stagger

distance along chord from leading edge to statiomn of maximum
airfoll thickness

external ordinate of Inlst section, measursd perpendicularly from
line through origin of 1lip redius parallel to chord line

ordinate of airfoll section, measured perpendicularly from chord.
line

increment of extermal ordinate of iInlet sectiom

maximum external ordinate of inlet section at statlon X, measured
perpendlicularly from line through origin of lip radius parallel
to chord line

angle of attack of alrfoil chord line, degrees

largest acute angle between chord line and line normal to the upper
surface that passea through origin of leading-edge radius, degroes

stagger (acute angle between line normel to chord line and line
Joining origins of upper— and lower—lip radiil), degrees

The following subscripts are used in conJunctiom with the above

symbols and coefflicients:

o]

free stream
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1 local

L lower

u uncorrected

U upper

2 in duct inlet at rake station (5 percent of chord behind leading
edge)

DERIVATION OF INLET FROFILE

A leading-edge Inlet designed by the method presented In this report
entails a change In the profile of the alrfoll from the leading edge to
the station of meximmm airfoll thickness. Bshind the latber station the
ghape of the airfoil remains vwmchanged. The method for dstermining the
profile for an Inlet in an sirfoll ies presented In two parts, deslignated
as design step 1 and design step 2. Design step 1 provides a method for
the deslign of a leading-edge Inlet of arbltrery height, upper— and lower—
lip radil, send stagger for a symmetrical airfoll, Design step 2 is con—
cerned primasrily with an alteration of the profile determined by step 1
to Improve the intermal pressure-yrecovery characteristics at high angles
of attack.

Design of Imlets for Symmetrical Airfoils

Dosign step l.— In developing a lsading-edgs inlet for a symmstrical
airfoll (flg. 1(a)), the inlet 1ips can be considered as the forward por—
tions of the upper and lower halves of the airfoll with the maximm
ordinates decreased from t/2 to Y. The lip sections are conaidered to
extend from the leading e to the station of maximum thickness. The
upper—1ip profile (fig. 1 (b)) ias derived by an affine transformation
from the original airfoil section as follows: The 1llp ordinates are cal—
culated by reducing the alrfoll ordinstes in proportlon to the thickness

ratio ?}:2'; The upper—ilp radius 1s assumed to vary as the square of the

thickness ratio. The values of the upper—surface ordinates and of “the
upper—lip radlus are thus obtained from

Iy = Fw (ﬁg) (1)

e n ()
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On the basls of the notation of filgure 1, the maximum airfoll thick—
ness can be expressed &s

t=d+ry+r,+2Y (3)

Test results have shown that a lower—lip radius of about one-half the
upper—lip radius calculated from equation (2) 1s, In general, satisfac—
tory. With a lower—lip radius equal to ome-half that of the upper 1lip,
the maxlmum airfoll thickness 1s

t=d+%rU+2Y (&)

Substituting equation (2) into equation (4) and solving for Y ylelds

‘- 42 4+ t Jt2—6R(A—1t) (5)
6R

whereas, If equation (3) 1s used in place of equation (4),

-2 4+ t Jt®—LR(G+r7~t
v - + +ry, ) 6)
4R

Substituting this value of Y in equation (1) will produce ordinates
which falr smoothly into the upper—lip radius determinsd from equation
(2) and into the airfoil profile at the maximum thickness, The inner
surface of the lip is formed by a line tangent to the circle of radius _
Tyg - and parallel to the chord line. Ordinates calculated by use of equa—

tion (5) are dependsnt only on the :Lnlet entrance helght for a given air—
foil section.

The leading edge of the lower lip is located In the same plane as
that of the symmetrical airfoll as indicated in figure 1{(b). In order
that the external ordinates fair smoothly into the smaller lower-lip
radius, the ordinates from equation (1) are reduced linearly, The reduc—
tion In the lower—lip ordinates 1s obtalned from

&yp = sin B (rg— 1) (1 - ;-) (7

The value of B 18 measured from the profile of the symmetrical airfoil
as shown In flgure l(c) The external ordinates of the lower lip are

then . B . e e e

Ipp, = YDU—AYD _ (8)
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Using a linear reduction of ordinates in this manner introduces a small
change in the first derivative (dyp/dx) at the position of meximum thick—
ness. However, thils change 1s so small that it may be ignored. The

Inner surface of the lip is formed by & line tangent to the circle of
radius r. and parallel to the chord line. Equations (7) and (8) can
also be used to caleculate the change in ordinate resulting from an increass
or decrease in the upper—lip radlus compared to the design value of equa—

tion (2).

The lsading edges of the upper and lower lips of the Inlet designed
in the foregoilng menmer lie-in the game plane as the leading edge of the
plaln airfoil. Locating the leading edge of the lower lip behlnd the
leading-edge location of the plain alrfoll Introduces stagger Into the
inlet profile. The angle of stagger 1s shown in figure 1(d). The ordi-—
nate stations for the staggered lower lip can be calculated by a linear
changs in chordwise location from a value of S (fig. 1(d)) at the lsad—
ing edge to zero at the maximum thickness. Whils the values of lip radius
end the ordlnates remain unchangsd, the modifled chordwise stations are

x‘=x+S<X—'X'—I> (9)

Deslign step 2.— The reosulits of tests with inlets designed from step
1 indicated that the shape of the inner surface of the lower 1ip was the
main factor contributing to an abrupt reduction In ram—pressure recovery
at spall angles of attack. When the lower surface is lowered and rounded,
as shown in figure 1(e), the angle—of-attack range for meximum ram-pressure
recovery was Increased. For a glven entrance height, thls changs permits
the addlition of a greater smount of cember, or droop, %o the upper lip
than would be attainable If the lowsr lip from design step 1 were left
wmaltered. For a practical emount of stagger, the upper—lip camber permis—
slble with the lower 1lip wmaltered is so limited that its aerodynamic con—
tributions are negligible.

The coordinates of an Inlet with & rounded immer surface of the lower
lip and & drooped upper lip can be determined as follows: The distance
from the origin of the lower—lip radius to the airfoll chord line is
Increased by an aemount hr as shown in figure 1l{e}. The optimm value
of by varies with the amount of lower-lip stagger. With 20° stagger,
values from omne-half to three~fourths times the lower-llp radlus are
recommended., With 4O° stagger, values from cme to one—end—one-half times
the lower-lip radius are recommsnded. The maximum external ordinate of
the lowsr 1lip is reduced to a value Y-—hy. The external ordinates are
calculated from the values given in equation (8) by the relation

<YDL> step 2 ) <Y—YhL>YDL gtep 1 )
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The immer surface of the lower 1lip 1s Joined to the Intermel duct at a
station 2 to 5 percent of the chord behind the lip leading edge. - A para—
bolic curve is used in fairing this section of the lip (fig. 1l(e)).

As a result of the staggering and rounding of the lower 1lip, 1t is
necessary to droop the upper lip In order to maintain a constant ratio of
d/t. To do this, the dlstance between the origin of the upper—lip radius
eand the chord line is reduced by an emount h, as shown In figure i(e).
The value of hy 1s determined by fairing the Immer surface of the upper
l1ip so that the mean permendicular height between the Inmner surfaces of
the inlet 1s reduced to the originel inlet opening height. It is recom—
mended that tho Inmer surface of the upper lip Joln the circle of radius
rg tangentilally at a point In which the radius is in a position approxi-—
mately normal to the chord line. If a linear reduction of ordinate were
used as in equations (7) and (8), the change in ordinate caused by the
droop of the upper lip would Introduce a sigrificant discontinuity in the
firat derivative (dyD/d.z) at the posltion of maximum thickness. To Insure
& smooth gurface and a uniform first derivative, the extermal lip ordin-—
nates which follow from the new lip-zradius location are determined as
. followe: A mean line is melected from reference 17 having a maximum

ordinate at the same chordwise station as that of the plain airfoll. The
mean-line ordinates from the leading edge to the maximum thickness are
expreased as fractions of the maximum mesn—line ordinate. These values
are substracted from 1.0, multiplied by the value of hy, end finally sub—
tracted from the upper—lip ordinate I Dy at each station., The resulting
upper lip is shown in figure 1(e). .

The foregoing method (steps 1 and 2) permits the determination of the
chordwise profile coordinates for the ducted alrfoll sectiom. The design
of the intermal comtour behind the 2- to S5—percent-chord stetions is
dependent upon the type of Instellation and is beyond the scope of this
report. Means of fairing the Inlet shaps Into the airfoll in the span—
wise direction are consldered In the section Discussion under the heading

End-Closure Shape.

Deslgn of Inlets for Cambered Alrfoills

In developing en inlet for a cambered alrfoil, the camber 1s first
removed to obtaln the coordinates of the corresponding symmetrical ailrfoll
gection. The inlet 18 deaigned for the symmetrical sectlon by design
steps 1 and 2, The ordinates thus calculated and measured from the chord
line of the symmetrical airfoll section are combined normal to the mean
line of the cambered airfoil section by the method given in reference 17
to obtain the Inlet coordinates for the cambered airfoll section,

APPARATUS AND TESTS

To study the characteristics of inlots derived from the deslgn metheod,
an alrfoil with various leading-edge inlets was mounted in one of the Ames
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T— by 10~foot wind tuwmmels so that the span of the alrfoll extended across
the T—foot dimension of the test mectlon as indicated iIn figure 2(a). The
airfoil had the NACA 63,-012 sectlon and a comstant chord of 4.0 feet.

The removable inlet sec%ion covered the central 19.6 percent of the airfoil
gpan. All Inlets were mounted In the same relatlive spanwise position on
the airfoll, To facilitate model changes, & simple type of end fairing
was used during most of the investigation as shown in figure 2(b). 4n
inlet with a recommsnded end-closure shape is shown in figure 2(a).

Alr was drawn through the Inlets into a hollow spar in the airfoll
and then through & ducting sysbtem by a compressor outside the test chamber.
A mercury seal 1solated the model and the scale system from the mechanical
forces that would otherwlse have been imposed by the extermal ducting.

The quantity of air flowing through the inlet was calculated from the pres—
sure drop across a calibrated orifice plate. The Inlet pressure losses
were measured by a rake of total— and static—pressure tubes 5 percent of
the chord behind the leading edge. The rake was normal to ths chord line
at the center of the inlet, The arithmetlic mean of the rake—btube pressure
measurements was used to calculate the rem—recovery ratio. The pressure
distribution over the external surfaces of the Inlets was measured by
orifices that were flush with the surfaces and were connected to multiple—
tube menometers, the readings of which were photographically recorded,

Tunnel-wall corrections to the force meassurements were applied accord-—
ing to the methods discussed in reference 18 by the following equatlons:

@ =ay + 0.303 O,
Cp, = 0.953 Cp

Op = 0.9795 Cp,

The test results are presented for a Mach number of 0.1} and a Reynolds
number of 3,840,000 based on the airfoil chord.

The extermal drag of each Inlet was computed by subitracting the drag
of the ailrfoll without inlet and the drag of the Inbermal-flow system from
the total drag as measured by the wind—turmmel scale system. The Iinternsl
drag was computed by the method given In reference 19 based on measuremsnts
of the quantity of alir flowing through the inlet. It may be seen readily
that as the alrfoil and internal drag forces are large In comparison with
the total drag force, any Inaccuracy in measurement appears as a largs pro—
portion of the extermal drag force. In order to reduce this error to a
minimm, partleular care was taken in making all drag measursments; the
accuracy of the inlet external—drag coefficients is within =*0.0002.
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RESULTS OF EXPERIMENTS

The leading-edge inlets tested are deslgnated as elther dssign Inlets
or modified Inlets. Pertinent information for the determination of the
coordinates of the indlvidual lips tested are presented In table I.

The design Inlets were derived by the procedure glven In design steps
1l and 2. A lower—lip radius of 0,30 percent of the ailrfoll chord wae
selected for all inlets of the Investigation. The aesrodynamic character—
istice of the plain airfoll are given in filgure 3, while those of the alr-—
foil with the design Inlets are presented iIn figures 4 to 16 for the
following geocmstric arrangements:

Stageger
a/t
/ (deg)

0.15 0, 20
.20 0, 20, 4o
.25 0, 20, ko
.30 20

The design Inlets were modified In two different ways. The flrst
type of modificatlion conslsted of reducing the upper-lip radius below the
deslign radius and determining the 1lip ordinates from equations similar to
equations (7) and (8). The serodynamic characteristice of the airfolls
with this type of lip modification are given in figures 10(b), 11(b), 17,
18, and 19, A second type of modification to the design Inlets consisted
of varying the ordinates sbove and below the design values by use of a
canic lofting procedure that altered the inlet profile and maintained
smooth curves. The lip radll remalned unchangsd during those modifica-
tions. The pressure distributlons on the second type of modified lips
are ghown In figures 20 emd 21.

DISCUSSION

In the application of the test results to the design of Inleta, the
condltions undsr whlch the data were obtalned must be teken Into account,
Specifically, with the additlion of an inlet to the airfoll, the flow over
the entire span of the alrfoll was no longer two—dimensional as the inlet
sectlon extended over approximately omne—fifth of the span. Thus the data
are representative of the alrfoll characteristics and should not be con—
strued as sectlon characteristics,
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v Design Inlets

Lift and moment.— The lift—coefficient variation with the angle of
attack of the unducted airfoll is shown In figure 3, whils the variation
for the airfoil with the design inlets is given in figures 4, 6, 8, and
10. In the latter figures, the experimental wvaluss of 1ift coefficient
are shown for the lowest valus of inlet—veloclty ratio to glve maximum
lift. Inspection of the 1lift curves reveals that the maximum 1ift coeffi-
cient of the girfoll with any of the design inlets for zero internal flow
was less than that of the alrfoll without the inlet. Increasing the inlet—
veloclty ratio Increased the maximumm 11ft coefficlent until values equal
to that for- the plain airfoll were obtained. Further increase in the
inlet—velocity ratio did not increase the maximum 1ift. As shown 1n flgure
12, increasing the inlet entrance helght or the amount of stagger increased
the Inlet—velocity ratio necessary for obtaining a maxlmm 1ift equivalent
to that of the plaln airfoil. The inlets did not changs the lift—curve
slope appreciably. The pitching-moment characteristics of the airfoil
with the Inlets are not presented as no chenges in the moments were noted
when compared to those of the plain alrfoll other than those assoclated
with the loss 1n 1lift at low inflow rates.

The loss of maximm 1ift encountered with small Inflow would not be
detrimental during normal operatlon for an alrplane using a leadlng-edgs
inlet for supplying alr to a Jet englne. For wmaccelerated flight near
maximum 11ft, the Inlet—veloclty ratio would be greater than wmity and the
1ift provided by the Inlet section would be equivalent to that of the
section without the Inlet. In case of an englne fallure or a power-off
landing, however, the loss of maximm 1ift associated with low inflow
would be critical. A by-pass system may be necessary to forestall this
reduction of maxlimm 1ift,

External drag.— The drag characteristics of the alrfoll with and
without a desilgn inlet were determined from the tunnel-scale measurements,
The difference between the results was comsldered to represent the incre—
ment in exbtermal drag ccefficlent caused by the addltion of an inlet to
the airfoil., These Incremental values for the various deslign Inlets were
found to be independent of the entrance height and are, therefore, pre—
sented In flgure 13 as & gingle curve for a given inlet—velocity ratio
and angle of stagger for stagger angles of 0°, 209, end 40°, Tnspection
of the figure indicates that the extermal drag increments due to the
Inlets are small, The posltive drag Increments for an angle of attack of
0° and an Inlet—velocity ratio of zero can probably be attributed to an
increase of pressure drag dus to the addition of the inlet, together with
a forward movement of the position of transition from laminar to turbulent
flow in the boundary layer. The reduction of the exte.mal-drag Incremsnt
with Increasing angle of attack and Inlet—velocity ratio may be associated
with several factors, such as (1) changes in the pressure drag over the
ducted section of the span, (2) chenges in the spanwise distribution of
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load, (3) changes in the localized "bubble” of separated flow near the
leading edge along the part of the span occupled by an inlet, and (k)
changes in the positlion of transitiom.

Ram-pressure recovery.— The ram-zxecovery ratlos for the design inlets
are shown as functions of the angls of attack in figures 4%, 6, 8, and 10,
Inspection of these flgures Indlcates that for the unstaggered inlets there
were sharp reductions in the ram—recovery ratio at low angles of attack.
Stagger Increased the angle—of-attack range for complete pressure recovery.
In addition, the severlty of the reduction in the ram-pressure recovery
with Increasing angle of attack was lessened by the Increased lip stagger.

The effects of changes of lower-lip shape on the ram—xecovery ratio
and on the pressure dlstribution over the outer surface of the lowsr 1llp
ars shown In figure 1t for an inlet with a nominal ratio of entrance
helght to maximum airfoil thickness of 0.15 and a lip stagger of 20°, The
results for the lower lip developed from design step 1 are snown In figure
14(a}., This lip resulted in poor ram—pressure recovery. By drooping and
rounding the Inner surface of the lower lip (design step 2) ase noted in
figure 14(b) and particularly in figure 1l4{c), the anglé—of-attack range
for maximm rem-pressure recovery was Increased conslderably, Rounding
the Immer surface of the lower 1lip not only delaysd the Internal—flow
separation to a higher angle of attack, but also reduced the effect of
Inlet—velocity ratio cn the rem—pressurs recovery. The effect of a change
in the upper—ilp radius on the recovery characteristics of the Inlet was
only slight, as Indicated by a compariscn of the results for the inlet
with a design upper—lip radius (fig. 4(c)) with the results for a modified

lip radius (fig. 1%(b)).

A change to the immer-lip contour, as indicated In figure 1L, may also
be considered as a change in the inclination of the axis of the intermal—
flow system. The angle of Inclination of the inlet shown in figure 14(c)
measured 9.5°, The effect of Inclination of the duct with respect to the
chord line 1s shown in reference 4 to have a marked effect upon ram—
pressure recovery. Inclinatlon of the Internal-flow system approximately
10° to the chord line was shown In the reference to be beneficial to the

rap—pressure recovery,

Preossure and veloclty distribublion.— The pressure-~cosfficient dis~
tributions over the center of the upper surface of sach design inlet are
shown in figures 5, 7, 9, and 11. The pressure coefficlente between the
leading edge and the 15~ to 20-percent-chord statlion were greater or less
than those over the plain alrfoil, depending on the Inlst—velocity ratio,
In general, the pressure coefficients for values of inlet—veloclty ratio
lesgs than 0.4 to 0.8 were more negative than those over the plain airfoil.
The ecritical Mach numbers of the Inlets campared to the plain airfoll are
shown in figures 4, 6, 8, and 10. These critlical Mach numbers were ssti—
mated by the method of reference 20 from the maximum local velocltles over
the inlet lips and over the plaln alrfoil.
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Comparison of the pressure distributions for the Inlets with those
for the plain airfoll for stations between approximately 15— to 20—percent
chord and 50— to 60—percent chord revealed that, in this reglon, the
pressure coefficlents over the ducted sectioms were less negatlve than
those for the plain airfoll for all test valuss of inlet—velocity ratio,
From the 50— to 60-percent station to the trailing edge, the pressure
distributions remained essentially unchangsd from those of the plain
airfoll,

Analysls of the pressure dlstributions over the deslgn inlsts revealsed
that a changs in Inlet—velocity ratlo iIntroduced an increment of velocity
over the oubter surfaece of the Inlets that had a linear veriation with Inlst—
velocity ratio, For a glven inlet, the increment of local—velocity ratio
corregponding to an Inlet—velocity ratioc of unity was evaluated as a fime—
tion of chordwlse location from the experimental pressure—distribution
curves by the relation

1 Vo)
(A__v_j_) ] (Vi/Vo) =n (VifV,) =m (11)
VQ (vl/vo) =1

m-—-—n

where n &and m are two values of Inlet—velocity ratio with m grester
than n, Filgure 15(a) presents the values of

(AA
Vo (vl/vo) =21

from the experimental pressure—distribution data of lip 13 (fig. T(a))
where n = 0 and the value of m 1s Indlcated in the flgure. The data
shown in figure 15(a) indicate that the velocity—increment ratio can be
represented by a single curve. Similar curves for various upper— and
lower—lip shapes and for Inlet—vsloclty ratlos from O to 1.6 and angles

of attack from 0° to 8° are presented in figure 15(b). Analysis indicated
that the Increment-ratio curve was dependsnt on the slze and location of
the leadlng-edge radius and Independsnt of the extermal shaspe or the angle
of aettack, It was noted that the effect of change In Inflow rate on the
veloclty distribution over an inlet llp tended to vanish behind the maxi-—
mm thickness. For purposes of computation, the effect was foumd to be
negligible behind the 15— to 20-percent chord station.

The indication that the use of the veloclty—iIncremsnt ratlio permits
the calculation of the changs 1n pressure distribution caused by varia—
tions of inlet-+velocity ratio suggests a means for shortening snd simplify—
Ing wind—twnnel or f£flight Investigations of air—induction systems. Rather
than record the pressure distributlone corresponding to numerous inflow
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rates, 1t would suffice to record the pressure distribution for a minimum
~ of two Inlet—velocity ratlos and apply the velocity—iIncrement-ratio prin—

cliple to the calculation of the pressure distribution occurring with other
Inlet—velocity ratios.

Predicted drag-divergence Mach numbers.— A method of predicting the
Mach number for drag divergence of airfoll sections from the low—speed
preasure digtributions and the alrfoll profiles was dsveloped in refer—
ences 21 and 22. Briefly stated, the free-stresm Mach number at which
the abrupt supercritical drag rise began was shown to be that Mach number
at which local sonic velocity occurred at the airfoll crest, the crest
being defined as the point at which the alrfoil surface is tangent to the
froe~sgtroam direction. It was found that the free—stream Mach number for
which sonic veloclty occurred at the alrfoll crest could be estimated by
the Prandtl—-Glauert relatlions. The method is belleved to be directly
applicable to NACA 6-series airfoills with leading-edge inlets, since ref—
erence 11 has shown experimentally that veriations of section character—
istics caused by compressibility for a ducted airfoll closely paralleled
those for the comparable plaln alrfoll,

Figure 16 presents a comparison of the predicted critical and the
predicted drag-divergence Mach numbers for the plain airfoil and the air-
foil with inlet 3-6 (fig. 5(c)). These data indicate that the angle—of—
attack reange for high drag-divergence speeds would extend over at least
twice the angle—of—settack rangs for high critical Mach numbers. In
additlon, the Mech number for drag dlvergence, being dependent on the
pressures behind 10 to 15 percent of the chord, is practically indspendent
of the Inlet—velocity ratlo st small angles of attack., The predlcted drag—
divergence Mach numbers of the design Inlets tested (the data in figure
16(b) given by Iinlet 3-6are representative of all the design Inlets) were
groater than those of the plaln airfoil, This Increase may possibly per—
mit a designer to use a thicker airfoil section If combined with a leading—
odge Inlet.

Modifled Inlets

Upper—llp radlus.— The maximum 1ift characteristics of the ailrfoil

with the design Inlets were, In gemeral, satisfactory, However, the l1lip
pressure distributions for Inlet-wvelocity ratlios of less than unity showed

the . Pormation of a pressure minimum near the leading edge at angles of
attack within the low—drag range of the plain airfoil, In an attempt to
obtain a pressure gradlent near the leading edge (at low values of inlet—
velocity ratio) similar to that of the plain alrfoil, the upper—lip radius
of the inleta having ratios of-the entrance helight to the maximum sirfoil
thickness of 0.15 and 0.20 was varied from the design values of 0.006lk6c
and 0,00575¢ to 0.003¢c and 0,002c, respectively,
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The effects of changes of the 1lilp radius on the maxlmm 1ift coeffi—
clent and on the critical Mach number of the alrfoll with the Inlets are
shown Iin figure 17 for several inlet—velocity ratios. It is noted that,
from consideration of maximum lift, the design radius was close to opti—
mum, With 1lp radll less than that of the design, the maximum 1ift
dscreased rapidly at low inlst—wvelocity ratlios. However, the negative
pressure peaks at the leadlng edge of the 1lip at low inlet—veloclity ratios
were Ilmproved by decreasing the lip radius below that of the design. As
shown in figure 19(a), a 1lip radius of 0.0045¢c gave a favorable pressure
distributlion that at zerc Inlet—weloclty retio was similar to that of the
alrfoil, With increasing iInlet—velocity ratio, the pressure coefficilents
over the inlet beceme less negative than those over the alrfoll, resulting
in a more favorable pressure gradlent., The characteristics of an Inlet
with an upper—lip radius of 0.0045c¢c and a ratio of Inlet entrence height
to maximum airfoil thickness of 0.20 are glven In flgures 18(b) end 19(b).

In an attempt to reduce the inlet-velocity ratio for maximum 1ift
with the larger Inlet entrance heights, the upper—lip radiuns of the modi-—
fled inlet shown in Pigures 10(b) and 11(b) wes made greater than that
given by the design method as Indlcated in table I. With the Increased
lip radius, the maximm 1ift of the airfoll with the Inlet operating at
en inlet—veloclity ratio of approximately 0.9 was equal to that of the plain
alrfoill. Comparisomn with the results in figure 12 shows that larger values
of lip radius than those Indicated by equation (2) appear to be beneficial
in reducing the minimum inlet~velocity ratlo required to provide maximum
1ift with Inlets having large ratlos of entrance height to the maximmm
airfoll thickness.

External lip shape.— To study the effect of variation of the extermal
1ip shape on the pressure dlstrlbution of inlets with a ratio of entrance
height to maximum airfoill thickness of 0.15 and 0.25, the inlet contour
was changed as indicated in figures 20 and 21. The peak negative pressure
coefficlents at the leadlng edge became less negatlve for Inlet—velocity
ratios loss than wmity as the average thickness of the lip was increased.
However, the pressure ccefflclents from spproximately 5 to 25 percent of
the airfoll chord became more negatlve, Behind the latter station, the
pressure distribution was practically independent of the lip shape or the
inlet—velocity ratio. The thickness of the 1lip cennot be increased Indef—
initely without causing the formation of peak negatlve pressure coeffi—
clents a short distence behind the lsading edgs.

The maximum 11ft and ram-pressure-—recovery characteristice of the
inlet with the modified lips 1llustrated In figures 20 and 21 remained
unchanged from those of the design Inlets shown in figures 4 and 8., The
thimmer 1lips of inlets 11-2 and 31-16 provided a loss of maximumm 1ift
wlth no internal f£low, but the loss of 1ift was recovered for inlet—
velocity ratios of 0.4 or greater. The external surfaces of the lower
lip were varied in a similar manner, but, as they had a negligibls
effect on the pressure dilstrlbution on the upper surface and no apparent
effect on the 1ift or ram-pressure-recovery characteristics, the results

are not presented,
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Comparison of the veloclity distribution corresponding to the pres—
sure distribution for any two of the upper lips of the Inlets ashown in
figure 20 (or 21) revealed a constant systematic difference between the
two veloclty—distribution curves for any given valus of inlet-velocity
ratio., These differences are designated as veloclty—Increment ratios
47y [V,. An equation, the solution of which ylelds the value of avg /v,
directly, is developed in the base—profile section of the airfoil theor
of reference 23. The calculatlom of the veloclty—Increment ratio Avg/Vo
resulting from a change In elther the upper— or lower—lip external
ordinates 1s accomplished by a solution of the equation using a method
of numerical evaluation. A sample calculation of the velocity distribu—
tion, resulting from a change in the ordinates of the upper 1lip 1 in
figure 20 to those of 1lip 9, 1s glven in the eppendix and the results are
shown in figure 22, A comparisomn of the computed veloeclty distributlions
wilth the experimental veloclty distribution for l1lip 9 1s presented In
figure 22(c) for several values of 1lift coefficlent and an inlet~velocity
ratio of 0.4. Computations made for any Inlet—velocity ratio (0O to 1.6)
and 1lift coefflclent within the linear range of 1ift coeffilcilents agreed
equally well with the experimental resulte, Similar agreement between
the computed and experimental velocity distributions was obtalned for l1ip
11 (fig. 20) with 1ip 1 as the reference and for lips 29 and 31 (fig. 21)
with 1ip 23 as the reference, ’

End—Closure Shape

The final step in the design of a leading-edge inlet is the devel-—
opment of an end—closure shape to permit the ducted airfoll sectliom to
falr smoothly Into the plain alrfoll in the spanwise directlon. Results
from wind-~tunnel programs in which leading-edge inlets were developed
for specific airplanes have indicated that both semicircular and rectan—
gular end-closure shapes are wnsatisfactory. With these types of closure,
the short distance In the spanwise direction between the ducted and plain
airfoll sections resulted in abrupt transition sectlions, End-closure
shapes that faired into the plain airfoil in a distance from 1.5 to 2,0
times the Inlet entrance helght were satisfactory. The type of end—-closure
shape developed In this Investigation 1s shown In figure 23. The chordwise
profile of the Inlet between spanwise stationg N and 0O was obtained
from design steps 1 eand 2, whille the profile at stations M and P
remalned that of the plain airfoll, The inlet between stations M and KN
and between stations O and P was closed in & dlstance of 1.5 times the
entrance height. The external transltlon surfaces were formed by Jolning
the seme chordwlse stations on the ducted and plain airfoil sections with

gmooth and feir curves.

The type of closure shape indicated in figure 23 was tested on the
airfoll with inlet 19-12 as shown In figure 2(a), and the results are
given in figure 24, The upper—surface pressure distribution and ram—
pressure recovery at the midspan of the Inlst and the 1ift charscteristics
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of the airfoil with the inlet and Palring shown in figure 2(b) were pre—
viously shown in figures 18(b) and 19(b). The pressure distribution over
section B (fig. 2i(a)) did not show as large an effect of inlet—velocity
ratio ag did the distribution over the midspan station. The pressure
distribution was not measured over sections C or D. As shown in fig-
ure 24(b), the ram-pressure recovery was relatively wmiform along the
span of the inlet. The drag and pltching-moment characteristics are
shown in figure 24(e). A small changs In the longitudinal stabllity
resulted from the addition of inlet 19-12 to the airfoil, but there was
no appreciable effect of Inlet~veleclty ratlio other than that associated
with the loss of maximum 1ift at low values of Inlet—veloclty ratio.

DESIGN INLET FOR THE NACA 4418 ATRFOIL

To check the applicability of the design method to a radically dif—
ferent sectlion, & lesading-edge inlet was applied to the NACA Lh18 sirfoil
section, and two—-dimensional tests of thils section were made in an 8- by
36-inch wind channel. The inlet was designed by the method outlined in ths
section entitled "Derivation of Inlet Profile" under the heading "Design
of Inlets for Cembered Profile.” The ratio of the inlet entrance hsight
to the maximm airfoil thickness was 0.21 and the lips were staggered 10°.
Ram—pressure recovery, external drag, and meximm 1ift were not measured.
Both the criticel and drag-divergence Mach numbers were predicted from
pressure—distribution data. The critical Mach numbers of the alrfoil with
the inlet for an inlst-velocity ratio of 0.4 were similar to those of the
plain airfoil at section 1lift coefficlents from -O.h to 1.0. At higher
inlet—velocity ratlos, the predicted critical Mach numbers were above those
of the plain airfoil. Also, at an inlet—velocity ratlo of 0.4, the inlset
operated without & pressure peak at the nose at section 1ift coefficilents
from 0.27 to 0.8. The predicted drag-divergence Mach mumber of the air—
foll with the inlst was greater than that of the plain airfoil by approx—
imately 0.03 for a section 1lift coefficient of O.4. These data indicate
that an Inlet profile derived by the design method for a cambered airfoil
dld not reduce the estimmsted critical or drag~divergence Mach number of
the section for inlet~velocity ratios greater than O.k. No detrimental
effects on othsr asrodynamic characterlstics would be expected.

ESTIMATION OF VELOCITY DISTRIBUTION OF INLETS

No direct computational method is currently avallable for the pre—
diction of the veloclty distribution over an inlet in the leading odge of
an airfoil, A semismalytical method is presented whsreby the effects of
changss in inlet ordinates and inlet—velocliy ratio can be.calculated.

It 1s stated in reference 17 that in the determination of the veloclty
distribution over a given airfoll, the effects of thickness distribution,
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of camber, and of additional 1lift may be consldered as separate and inde-—
pendent components as follows:

v LV
Vo v Vo Vo

The values of the velocity—increment ratios AV/V and A, /V' for most
conventional and low—drag NACA airfoll sectioms are tabulated. in refer—
ence 17,

For an airfoll having an inlet in the leading edge, the local veloc—
ity ratio 1s assumed to be composed of the above veloclty—Iincrement ratios
with the basic velocity ratio of the airfoil v/V, replaced by the ratio
v /V for the ducted alirfoil, At present, the basic velocity ratio vy/V,
can be determined only by experiment. As mentloned previously, the effect
of Inlet—veloclty ratic on the ducted—airfoil velocity diatribution can be
represented by the increment ratio (Avy /V’o)( o) . This fact permits

Vi/Vo) =
the calculation of the velocity diatribution corresponding to any value of
1et—v‘elocity ratio as follows:

1., Mulitply the increment ratio (Avi_/vo)(v ) =1 by a constant
1/ Yo/ =

equal to the difference between the Inlet—veloclty ratio for the basic
velocity distribution and the glven Inlet—velocity ratio.

2. Add this product to the baslc veloclty ratic with proper regard
to slgn, . _ N S _ .

Changes In the velocity distribution caused by a change In the
external ordinates of the lip can be evaluated by the application of
thin-airfoll theory as previously dlscussed wunder the subheading Extermal
Lip Shape. Thus the local—velocity ratio of a ducted airfoll may be
represented as follows:

0<(

=22 élg-:l:ccnstantx( ) éli%v-g (13)
Vo TV Yo (Va/Vo) = 1 o

A sample calculation of the velocity distribution over a given Inlet
profile 1s presented In the appendix.

The generally satlafactory agreement shown in figure 22 {and the
similar agreement between any two of the upper lipe 1llustrated In figs.
20 and 21) between the calculated and experimental velocity distributions
mey be taken as experimental verification of the valldity of equation (13)
for the velocities over ducted airfoils. The equations may be expected

to apply with accuracy sufficient for design studles to calculations for
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profiles varying considerably from those Involved herein., Calculatioms
made In connhectlon with ducted airfolils, however, should be In keeping
with the limits to the application of thin-alrfoil theory as discussed in
refersnce 23.

CONCLUSIORS

The application of the results presented In this report provides a
practical means of designing Inleta to £it into the lsading edges of
straight or slightly tapered wings with thicknesses of approximately 12—
percent chord or greater. The goneral shape of the inlets cam be derived
by a method that is essentially a lofting technlque. The profile coor—
dinates as well as thes spanwise end—closure shapes are considered. Inlets
80 derived should prove satlsfactory with a minirmmm of testing and altera—
tion. ¢

The results of the present study of Inlets installed in the leading
edge of a wing having the NACA 63;-012 sectlon indicated the following:

1. The airfoil with an inlet devised by the design method was found
to possess satisfactory serodysnmlc characterilstics, as compared to the
plain alrfoll, with regard to lift, drag, pressure distribution, snd pre—
dicted drag-dlvergence Mach number.

2, Introduction of stagger, Incredsing the Inlet entrance height,
or decreasing the lsading-edge radius of the upper llp had a deleterious
effect on the maximm 1ift,

3. Increasing the amownt of stagger and rounding the inner surface
of the lower lip Improved the ram—pressure recovery &t high angles of
attack, ' ’

k., A change in inlet—velocity ratio Introduced an Iincrement of veloc—
1ty over the outer surface of an inlet that had a linear variatiom with
Inlet—velocity ratio and was fommd to be Independent of the angle of attack
throughout the linsar portion of the 1ift curve, Behind the position of
maximm thickness of the airfoil, the variation of inlet—velocity ratio .
had no effect on the pressure distribution., ~

* 5. With a given inlet and the experimental velocity distribution of
the glven inlet as a reference, the change in the extermal velocity dis—
tribution caused by & small change of the extermal ordinates of the inist
can be calculated by en application of the princlples of thin-alrfoil theory,
The low-speed 1ift, drag, pltching-moment, and ram-pressure-recovery char—
acteristics of the wing wlth the modifiled Inlet, to all practical purposes,
remains imchanged from those of the wing with the glven inlet.

Ames Aeronautical Iaboratory,
National, Advisory Comlttee for Aeronautics,
Moffett Fleld, Calif.
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APPENDIX

SAMPIE CALCULATION OF THE VELOCITY DISTRIBUTION
OVER A GIVEN INILET FROFILE

In order to faclillitate an understanding of a procedure to be followed
in estimating the veloclty distribution over a glven inlst when the veloc—
ity distribution of a base or reference Inlet 1s nown, an illustrative
example 1s presented. The example chogen 1s that of determining the veloo—
ity distribution over lip 9 (fig. 20) for an inlet~veloclty ratio of 0.4
using the coordinates and data of design lip 1 as a reference.

The Increment of local-veloclty ratilo Avs/vo resulting from a
change In ordinate between the l1lip radius end the position of maximum
thickness 1s calculated from an equation dsveloped in thin-elrfoll
theory. It is shown in reference 23 that, if Ay/c 1s the difference
between the ordinates of a given and a reference profils, the Increment
Avg/Vy due to the ordinate change can be expressed by the integral rela—
tion (equation (45) of reference 23).

&vg 1 femalay) . (6—60) :
Vo 2nt/p iz oot T3 ¥ (A1)

where 6 and 6, are new alrfoil coordinates for x and X, defined
as

(1 - cos 8)
(a2)

nje e

(1 —cos §)

zo—

and the subscript o 1ndicates the position on the x axis for which
the velocity inmcrement Avg/¥, 1s desired. Thus 6 and 6, vary
from O to = along the chord of the airfoil. Use of the 1n'begral in
equation (Al) presupposes the existence of a similar ordinate change on
the lower surface. However, in thils application the ordinate change to
the lower surface ls considered solely for purposes of computation, as
the experimental results have shown that a modificatlon on the lower
surface has no discernible effects on the velocity distributiou over the
upper surface of the inlet.

The proceduwre 1s as follows: The coordlnates of design 1lip 1,
which were derived by the design mothod, and of lip 9, which were
derived by alteration of the contour of design 1llp 1, are tabulated In
table IT. The differences between the ordinates of the glven inlet and
the reference inlet Ay/c are tabulated in table IT and plotted as a
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function of the chordwise position in figure 22(a). The derivative
d(ay/c)/a(x/c) was evaluated graphically. The values are tabulated in
table IT and plotted as a functlon of the chordwise position In figure
22(b). This derivative at the leading edge and at the position of max—
imum thickness was arbltrarlly set equal to zero.

The integral in equation (Al) can be evaluated by a numerical method
as explained in reference 23. However, reference 2L presents another
method of evaluation that 1s more easily sppliied and will be used in the
remainder of this example. A 40-point solution of equation (Al) is

S, {[300] - [0 ]

« (2] - (2]

: i [E] - [0 =

where

h 3

o8

aay) ] (&y) nn
[dx -nisthevalueof T at 8o + 35

(n=1, 1,2, -2, « « « - . 20, —20)

The valus of the ordinate and the deriwative at station = + 6 must be
taken as the values at =n — 6 but with opposite sign. Thus,

] - {s]

Values of the computational coefficlents ay, obtalined from reference 24,
are tabulated in table III for the 40-point and also an 80-point solution,

48 -G
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In the sixth column of table IT, values of chordwise station x/c
corresponding to equel intervals of 6 (n/20 for a 40-point solution
and 2x/4O for an 80-point solution) are presented for the range of Inte—
gration. The values of d(Ay)/dx for these various values of & were
obtained from figure 22(b). Since no change of ordinate is made behind
0.35 chord, the values of d(Ay)/dx from x/c = 0.35 to the trailing
edge are equal to zero. : } o .

-

The value of Avy/V, was calculated from equation (A3) as follows:
Three paper tapes wers arranged side by side. The first tape carried the
values of ay at appropriate Ilntervals; the second carried the values

of [d(ay)/ax] 1. —p —oo § 8nd the third, the values of

—de k) L] L] -

[ d(ay)/ax] 1. 2 20" By moving the latter two tapes with respect
, , - [ J -

to the first, the velues in the brackets of eguation (A3) are brought into
Juxtaposition with the computatlional coefficlents for the various values
of 8. Arranged 1n cyclic form, the value of Avg/V, for 6 = n/20 1is,
for example: .

Avg/Vo = [0.5287 (0 — 0.0600) +
0.14824 (~0.0680 — 0.0136) +
0.0761% (~0.0600 + 0.0041) + -
0.10259 (—0.0136 + 0.0115) +
0.04024 (0.004L + 0.01h4k) +
0.06542 (0.0115 + 0.0096) +
0.02720 (0.014k4 + 0.0006) +
0.04588 (0.0096 + 0) +
0.01951 (0.0006 + 0) +
0.03333 (0+0)+...1 = —0.045

The values of Avg/V, for 0 < 6 S 8x/20 are given in table II.
For purposes of comparison, the valuea of AFE/Vb for 0<9 S 10% /40
were computed using the 80-point solution and are alsc given 1n table II.
It is readily apparent that near the leadling edge & large difference
exlsted in the calculated velue of Avg/V,, depending on the type of -
golution. On the baslis of comparison with experimental results, the velues
obtained by use of the 80-point solution were satisfactory. Values
obtained by use of a 160-point. solution were in slightly closer agree—
mont with the experimental results. However, the difference between the
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values obtained by the 160—point solutlon compared to the 80-point solu—
tlon did not warrant ths additionsl calculations. It 1s recommended that,
in determining the valus of Avg/V,, the 80—point solution be used in
the interval 0< 6 < 8x/40 and that the 4O-point solution be used for
the remainder of the interval up to the location of maximm thickness.

For an inlet-velocity ratio of 0.4 and at an angle of attack of 0°
(zero 1ift), the velocity distribution over lip 1 was determlned experi—
mentally (fig. L) and is tabulated in table II. The velocity distribu—
tion over lip 9 was found from

A V. N A,
1 v, a8
(#) (&) «F:u(® (s2)
lip 9 lipl ’ CL ==.1

The ‘valus of AvafVo wvas assumed equal to that of the NACA 631—012 air-

foll. Ths computed velocity distribubtlon over 1ip 9 is tabulated in
table IT and is shown in the insert of figure 22(c). The distribution
for varlous values of 1lift coefficient is shown in figure 22(c) compared
to the experimental velocity distribution.

The low—speed pressure coefflclents are calculaied from the velocity
distribution by the relation .

Pe=1-— (%)2 (a5)

The variastion of pressure coefficlent with Mach number can be estimated
by the Rarman-Tsien compresslbility relations, as discussed 1n reference

25.
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TABIE T

IEADING-EDGE INLET LIP DETAILS
[ Dimensions are in percent of airfoil chord ]

Upper 1ip

Radius A External shape Type

0.646 1.37 Design step 1 Design
N1 1.00 Design step 2 Do.
<550 .98 Eq.(7) — Design step 2 | Modified
k50 .96 Eq.(7) — Design step 2 Do.
646 1.37 Faired curve Do.
546 1.37 Falred curve Do.
575 1.6k Design step 1 Design
«575 i.25 Deslgn step 2 Do.
k50 1.52 Bq.(7) — Design step 1 | Modified
450 1.19 Eq.(7) — Design step 2 Do.
«200 1.52 Eq.(7) — Design step 1 Do.
«510 1.90 Design step 1 Design
«510 1.51 Design step 2 Do.
510 1.2 Design step 2 Do.
«510 1.90 Falired curve Modified
«510 1.90 Falired curve Do.
Lh2 1.84 Deslgn step 2 Design
. 543 1.h6 Eq.(7) — Deslgn step 2 | Modifled
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TABIE I.— CONCLUDED

Lower lip
Stagger
angle Radius B External shape
(Geg)

0 0.300 1.37 Deslgn step 1
20 .300 1.37 | Design step 1
20 .300 1.58 Deslgn step 2
20 .300 1.88 Design step 2

0 300 1.64 Design step 1
20 «300 1.82 Deslign step 2
ko «300 1.6k Design step 1

0 <300 1.90 Design step 1
20 .300 2.09 | Design step 2
40 «300 2.30 Design step 2
20 . «300 2.17 Design step 1
ko .300 2.58 Design step 2




. TABIE II
CALCULATION OF VBLOCITY DISTRIBUIION Vi /v,
1 2 3 L 5 6 7 8 9 10 11
Ordimates, o Avy N n
y/e alay) v v
: % (redi- f dx Yo Yo lip 1 °1ip
Iip 1l |Lip 9 ans) 40 point | 80 point
0.0137 | 0.0137 {0 0 ¢ - - - -
005 | 0213 | 0212 {-. 0001}l 1x/4O | .0015 | —. 0455 - 0. 066 1.001 0.935
.0075] 0220} .0230| .0OOL)} 2n/hO | L0062 | . ~0.045 ~.100 1.109 1.009
.0125| 025k | ,0260 | .0006)l 3n/kO .0138 | .0875 - -, 022 1.118 1.096
025 { .0299 | 031k ,0015) bn/hO | .04 | .0600 022 . 026 1.121 1.1h7
.05 L0363 1 .0386 | 0023 S5x/h0 | .0381 | .00k - .029 1.126 1.151
075 | L0410 | L0435 | L0025 6x/LkO . 0545 .0136 .39 .034 1.127 1.151
10 t.ouhg | Lob7h | L0025 Tx/MO | .OT37 | L0034 - .02k 1.129 1.153
15 | .0507 | 05271 .0020) 8x/h0 |} .0955 | . 00HL .02k .021 1.132 1.152
20 | .o5k9 | (0562 .0013ff 9x/h0 | .1198 | —.0086 - .016 1.135 1,151
25 | .0578 | .0585 | .0007{|10x/h0 | .1465 |-, 0115 015 .O1L 1,136 1.150
30 | .59k | (0596 | .00 | 11n/h0 | L1753 | ~. 0244 - - - -
35 | .0600 | .0600 |0 12x/h0 | ,2061 | ~.O0L4h .001 - 1,149 1.150
13c/h0 | .2388 | ~.0125 - - - -
lm/ho | .2730 | =-.0096 | —.005 - 1.151 1,146
15“/)'|'0 '3(87 —-0058 - bl — —
16x /40 3455 | —-,0006 | —. 005 - 1.152 1.1h7
Irxfho | L3833 | O - - - -
“W

ge

q20ISY WY VOVH
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TABIE TIIT

VALUES OF &, FOR USE WITH EQUATION (A3)

40-point method
2% k gx
1 0.52827 11 0.01423
2 14824 12 02422
3 -OT614 13 01021
4 «10259 1k .01698
5 0L02k i5 . 00690
6 06542 16 .01083
T 02720 17 00400
8 04588 18 00528
9 01951 19 00066
10 «03333 20 o
80-point method
1 0.52862 21 . 0.00TT0
2 1kg50 22 .01k23
3 L07T712 23 . 00656
L .10522 =31 . 01210
5 .04189 25 . 00556
6 06942 26 .01021
T -02954 27 . 00466
8 05129 - 28 .008kg
9 .02258 29 . 00384
10 .0h023 30 . 00630
11 .01807 31 .00307
12 .03271 32 . 00541
13 .01488 33 . 00235
-1k 02719 34 - 00400
15 .012h7 35 . 00165
16 02294 36 - 00264
7 «0LO5T 37 . 00098
18 01951 38 .00131
19 00901 39 . 00032
20 01666 ko Q
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